Increased activity of the sympathetic nervous system (SNS) has been thought to be partly responsible for sodium retention in congestive heart failure, since sympatholytic drugs may increase the renal excretion of sodium in dogs (1) and patients (2) with congestive heart failure. Two other observations support the suggestion that changes in adrenergic activity may produce changes in renal function. Infusions of norepinephrine, the neurohumoral transmitter of the SNS, can decrease the excretion of sodium in normal subjects and in patients with Addison's disease (3) . Patients with autonomic insufficiency excrete sodium at supranormal rates during infusions of normal saline (4) . In the present investigation, sodium excretion during infusion of saline and during the administration of a sodium-retaining steroid has been studied before andi after sympathetic blockade by guanethidine. The results of these studies provide additional evidence for a role of the SNS in sodium metabolism.
Methods
The subjects were four normal female volunteers, 17 to 24 years, and two patients, R.L. and Z.M., 34 and 43 years, respectively, who complained of "swelling" but had no demonstrable abnormalities. They were maintained on an air-conditioned ward and given metabolic diets with the intake of sodium varied according to the needs of the study. Body weight, determined with metabolic scales daily on arising, was used to provide a gross estimate of changes in the volume of body fluids. Sodium excretion during rapid sodium loading and during prolonged administration of a sodium-retaining steroid was observed in the following two types of studies. 1) After 3 or more days on a sodium intake of 109 mEq per day, 2 L of physiologic saline containing inulin and * Submitted for publication July 25, 1963; accepted October 7, 1963. Presented in part at the 2nd International Congress of Nephrology, Prague, Czechoslovakia, August 1963. para-aminohippurate was infused by a Bowman constant infusion pump at a rate of 17 ml per minute. All infusions were done in the morning, with the subjects fasting and recumbent. Urine was collected from an indwelling bladder catheter, with air washes at the end of each of six 20-minute periods of infusion and each of the three 10-minute periods that preceded and followed the infusions. Venous blood for inulin and para-aminohippurate was obtained at the mid-point of each 20-minute period through an indwelling Cournand needle.
The responses to saline infusion were again determined in each subject in the same manner after adrenergic blockade had been produced by guanethidine, an agent that depletes the body of catecholamines (5) and impairs transmission of the nervous impulse by postganglionic sympathetic fibers (6) . The dosage of guanethidine was adjusted so that both diastolic and systolic blood pressure fell moderately when the subjects changed from a supine to a standing position, and so that the circulatory reflexes which are initiated by release of the Valsalva maneuver were absent [ Figure 4 , desoxycorticosterone acetate (DOC) and guanethidine]. The dosage of guanethidine required ranged from 20 (D.B.) to 75 (S.W.) mg and was given for 5 (S.W.) to 35 (Z.M.) days before the infusion of saline.
2) After 7 or more days on a balance regimen consisting of a sodium intake of 250 mEq per day, DOC, 20 mg per day intramuscularly, or 2-methyl-9a-fluorohydrocortisone, 0.5 mg per day orally, was given to the subjects until body weight ceased to rise and was steady or falling. The responses to steroid were again determined in all subjects, in the same manner, after they had been on a sodium intake of 250 mEq per day and guanethidine intake of 20 Effect of guanethidine on the response to saline infusion. Treatment with guanethidine when the daily intake of sodium was 109 mEq was associated with a gain in body weight in two subjects (Z.M. and M.T.) and no change or a slight loss in the other three (Table I) . A typical response of a subject to an infusion of physiologic saline before and again during treatment with guanethidine is shown in Figure 1 . In this subject, the rates of sodium excretion in the control periods before infusion were the same with and without guanethidine. In three of the other subjects (D.B., M.T., and F.W.) sodium excretion in the control period was higher, and in one (S.W.) it was lower with the drug (Table I) higher in four subjects during treatment with guanethidine, whereas effective renal plasma flow (ERPF) was higher in only two subjects. Filtration fraction (FF) was unchanged (D.B.) or higher with guanethidine. Effect of guanethidine on the response to sodium-retaining steroids. Treatment with guanethidine when the daily sodium intake was 250 mEq was associated with a gain in body weight in two subjects (2.47 kg in Z.M. and 1.39 kg in M.T.) and with no change or a slight loss in the other three (compare weight before day 1, On and off guanethidine, Figure 2 ). The 24-hour clearances of creatinine (Ccr), serum sodium, and MAP were virtually unchanged by treatment with guanethidine (Table II) . When sodium excretion and body weight were stable, steroid treatment was started. A typical response to sodium-retaining steroid before and during treatment with guanethidine is shown in Figure 3 (this is the only subject who did not receive the same steroid for both studies). At this dosage, 2-methyl-9a-fluorohydrocortisone has almost no carbohydrate activity and has at least the sodium-retaining activity of the dosage of DOC (10) . \Vhen steroid treatment was begun, the initial fall in sodium excretion in the study with guanethidine was the same as it was in the study without guanethidine. With steroid alone, however, retention of sodium continued for 12 days and was accompanied by a weight gain of 3.9 kg, whereas with steroid and guanethidine sodium retention was less prolonged, continuing for only 3 days, and was accompanied by a weight gain of only 1.1 kg. Potassium excretion, unaffected by treatment with guanethidine alone, rose during treatment with steroid and guanethidine to values that were greater than those with steroid alone. The deviations in sodium and potassium excretion from intake values, as cumulative gains or losses, and the changes in body weight with steroid alone and with guanethidine together with steroid, are presented in Figure 2 . When steroid alone was given, body weights continued to rise for 7 (K.O. and M.T.) to developed marked shortness of breath. She was found to have pleural effusion, a venous pressure of 165 mm of water, and a Valsalva maneuver compatible with congestive heart failure ( Figure  4 ) (11) . The steroid was discontinued. When the subjects ceased to gain weight, their sodium excretion had equaled or exceeded sodium intake for at least a day, and at that time the quantity of sodium which they had retained ranged from 722 (M.T.) to 1,069 mEq (R.L.) (Figure 2 (Figure 4 ). With guanethidine, the cumulative sodium retention on the day on which sodium excretion equaled intake was always less than that on the corresponding day without guanethidine ( Figure 2 ). Potassium excretion during treatment with guanethidine and steroid was equal to (K.O. and M.T.) or greater than that observed throughout the longer periods of sodium retention with steroid alone. Average Ccr during treatment with guanethidine and steroid was essentially the same as or lower than that observed during treatment with steroid alone and remained so even on the day that sodium excretion rose to intake ( Figure 3 , Table II 
Discussion
Infusion of physiologic saline in normal subjects in whom sympathetic blockade had been produced by guanethidine resulted in a much greater excretion of sodium than did infusion of the same quantity of saline before treatment with the drug (Figure 1 , Table I ). An enhanced excretion of sodium during an infusion of saline has also been observed in patients who show impaired function of the sympathetic nervous system as a result of disease (4). The patients with autonomic insufficiency exhibit a very labile GFR, which increases much more, upon expansion of extracellular fluid (ECF), than that of normal subjects.
In the present study, GFR measured during infusion of saline was higher with sympathetic blockade in all but one of the subjects. Such an increase in GFR, and thus in the filtered load of sodium, readily provides an explanation for the observed augmentation of sodium excretion.
Sympathetic blockade also produced marked alterations in the response to sodium-retaining steroids of subjects receiving large quantities of dietary sodium. Whereas before treatment with guanethidine, the subjects (except D.B.) showed a limited retention of sodium and gain in weight comparable to those shown by other normal subjects (12, 13) , during treatment with guanethidine they retained much less sodium and gained much less weight before coming into balance ( Figure  2 ). The quantity of sodium retained in the 2 to 6 days until balance was achieved was also less than that retained in a comparable period of time during administration of steroid without guanethidine. Only two subjects (Z.M. and M.T.) gained weight when they were treated with guanethidine alone (Figure 2 and Table I sium loss with guanethidine suggests that this agent in some way facilitates the delivery of sodium to more distal sites in the nephron where sodium for potassium exchange takes place. The arrival of larger amounts of sodium distally, as well as the achievement of sodium balance after a smaller net retention of sodium during treatment with guanethidine and steroid cannot be attributed to a higher GFR, since GFR was comparable to that observed with steroid alone (Table  II) . In fact, in D.B. and R.L., GFR was somewhat higher with steroid alone when large quantities of sodium were retained and minimal quantities of potassium excreted than it was when guanethidine was given with the steroid (when less sodium was retained and more potassium excreted).
The contribution, if any, of potassium depletion to the "escape" from the effects of sodium-retaining steroids is not clear. The failure of D.B. to ''escape" was characterized by the virtual absence of potassium loss. In other studies, minimal po-182 tassium excretion has been noted to accompany excessive sodium retention with sodium-retaining steroids (14, 15) . In the present studies, there was no apparent decrease of sodium for potassium exchange (resulting, e.g., from potassium depletion) with "escape," since potassium loss on the day of "escape" was as great as, or greater than. that in the preceding days (Figure 2) . Conceivably, potassium depletion could, in other ways, affect the filtration or reabsorption of sodium by the kidney.
The effects of guanethidine on sodium excretion appear to be exerted via its pharmacological effects on the adrenergic nervous system. In certain patients even large doses of guanethidine do not produce sympathetic blockade, and in these patients the response to sodium-retaining steroids is not affected (16) .
The pharmacological effects of guanethidine on the adrenergic nervous system probably explain the paradoxical sodium retention that may occur when the drug is given to patients in congestive heart failure (17) . If the diseased heart, dependent on sympathetic activity (18) , loses this support, systems, such as the renin-angiotensin system, which promote sodium retention, may be activated and thus supersede any beneficial effects of lessened sympathetic outflow to the kidney (19, 20) . The failure of sympatholytic drugs to increase sodium excretion in certain patients with heart failure could be explained in this manner (21) . Furthermore, the ability of guanethidine to facilitate both sodium retention and sodium excretion argues against a direct action of the drug on the renal tubule.
Apart from greater rises in GFR in response to expansion of extracellular fluid, the means whereby a decrease in adrenergic stimuli to the kidney facilitates sodium excretion is not clear. As nephrons differ in length (22) , a change in the pattern of renal blood flow with a change in sympathetic activity could in turn alter sodium excretion without changing GFR. If, for example, a decrease in sympathetic activity increased the fraction of renal blood flow perfusing juxtamedullary nephrons, with shorter tubules, the fraction of filtered sodium reaching the urine might be increased. Such a theory implies that reabsorption of sodium proximal to the distal tubule is less efficient in some nephrons than in others. A direct effect of norepinephrine on tubular transport of sodium cannot be excluded. Although these studies do not allow a definition of mechanisms involved, they do indicate that in health a normal sympathetic activity or tone limits the excretion of a sodium load and facilitates sodium retention with sodium retaining steroids. Indeed, it is also probable that the sympathetic nervous system plays an important role in renal sodium metabolism in disease (23) . Summary The response to rapid infusion of physiologic saline (2 L in 120 minutes) and the response to sodium-retaining steroids and large quantities of dietary sodium (250 mEq per day) have been studied in normal subjects before and after adrenergic blockade with guanethidine. Sodium excretion during infusion of saline was 50 to 300% greater after adrenergic blockade and was associated with a higher clearance of inulin.
During treatment with steroid (desoxycorticosterone acetate, 20 mg per day, or 2-methyl-9a-fluorohydrocortisone, 0.5 mg per day) sodium retention and weight gain were less after blockade, 214 to 566 mEq and 0.36 to 2.25 kg, as opposed to 722 to 1,069 mEq and 3.09 to 4.67 kg. The much smaller quantities of sodium retained with guanethidine and steroid were associated with losses of potassium that equaled or exceeded those observed throughout the longer period of sodium retention with steroid alone. This increase in excretion of sodium and potassium with guanethidine was not dependent on a higher glomerular filtration rate.
